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(57) ABSTRACT 

A neW class of processes suited to the fabrication of layered 
material compositions is disclosed. Layered material com 
positions are typically three-dimensional structures Which 
can be decomposed into a stack of structured layers. The best 
knoWn examples are the photonic lattices. The present 
invention combines the characteristic features of photoli 
thography and chemical-mechanical polishing to permit the 
direct and facile fabrication of, e.g., photonic lattices having 
photonic bandgaps in the 0.1-20 p spectral range. 
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METHOD TO FABRICATE LAYERED MATERIAL 
COMPOSITIONS 

GOVERNMENT RIGHTS 

[0001] This invention was made With Government support 
under Contract DE-AC04-94AL85000 awarded by the US. 
Department of Energy. The Government has certain rights in 
the invention. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to layered 
rnaterial compositions and related structures, in particular to 
photonic lattices, and more particularly to a method for 
fabricating photonic lattices having photonic bandgaps in 
the optical spectrurn. 

BACKGROUND OF THE INVENTION 

[0003] Layered rnaterial compositions are materials which 
exhibit spatial variation of physical properties, composition, 
or other tangible characteristics, Where that spatial variation 
produces useful bulk properties of the layered rnaterial 
compositions, and the spatial variation can be subdivided a 
stack of structured layers (the stack can consist of a single 
layer), Which are assembled atop one another With appro 
priate alignment between the various structured layers. An 
individual structured layer can exhibit one-, tWo-, or three 
dirnensional variation of physical properties, so long as the 
surfaces of the layers are substantially ?at. 

[0004] Such layered rnaterial cornpositions exhibit a Wide 
range of fascinating, unique, and useful “bulk” physical 
properties Which result from the collective interaction of the 
spatially varying properties of their constituent materials. 
One of the most interesting classes of layered rnaterial 
compositions is the photonic lattice, Which is a layered 
material composition Which has a spatially varying index of 
refraction. Photonic lattices Will be used as an example 
throughout this disclosure, and are described in some detail 
beloW. It is sufficient at this point to describe two primary 
optical phenomena which can be exhibited by photonic 
lattices. A photonic bandgap can appear, being a region of 
photon energy in Which photons cannot propagate. Also, 
many types of photonic lattices Will exhibit rapidly varying 
“bulk” indices of refraction in certain Wavelength regirnes. 
Both of these phenomena are the basis for many useful 
optical devices. 

[0005] Many other classes of interesting and useful lay 
ered rnaterial cornpositions exist. For example, if a layered 
material composition has an appropriate spatial variation in, 
e.g., sound velocity or mass density, it Will exhibits a 
phononic bandgap, i.e., a solid Which does not alloW propa 
gating sound Waves With phonon energies inside the 
phononic bandgap. It is also possible to produce structures 
exhibiting unusual and useful electronic properties, such as 
are associated With superlattices and other layered struc 
tures, but Where the spatial variation in electronic properties 
is tWo- or three dimensional in character. It is also possible 
to build up tWo- and three-dimensional active and passive 
circuitry using the present invention. A further example 
involves the ability to control mechanical properties, includ 
ing strength, by introducing a spatial variation in material 
characteristics on a small siZe scale. All such cornpositions, 
Where certain bulk material properties depend intrinsically 
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on the presence of the spatially varying physical properties 
Within and betWeen structured layers, are layered rnaterial 
cornpositions. 
[0006] Throughout this disclosure Applicants Will focus 
on the application of the present invention to the fabrication 
of a particular class of layered rnaterial cornpositions, 
narnely photonic lattices. The term “photonic lattice” is used 
to describe any structure or material having bulk optical 
properties associated With a layered spatial variation of 
refractive index. This includes periodic, quasiperiodic, and 
aperiodic structures. 

[0007] The best knoWn property exhibited by some pho 
tonic lattices is a photonic bandgap. A material shoWs a 
photonic bandgap if there exists a region in energy-rnornen 
turn space Wherein propagating photon rnodes do not exist. 
Various structures can exhibit a partial photonic bandgap (a 
bandgap along some directions), a complete photonic band 
gap (a bandgap along all directions, but Which do not 
necessarily overlap in energy), a photonic stopgap (a range 
of photon energy in Which photon propagation is not alloWed 
along any direction), or no photonic bandgap at all. Photonic 
lattices Which do not exhibit a bandgap can still have 
anisotropic and strongly varying bulk dispersion associated 
With the spatially varying refractive index. Such bulk optical 
effects can appear in strictly dielectric layered rnaterial 
compositions, in compositions comprising discrete regions 
of dielectric and metallic materials, and in various interme 
diate cases. Any structure exhibiting spatial variation of the 
local optical properties herein called a photonic lattice. If 
said structure can be split into a stack of structured layers, 
it is then also a layered material composition. 

[0008] Photonic lattices are under investigation for appli 
cations in Which their unusual interactions With electromag 
netic radiation are useful. In their simplest form, such 
photonic lattices are based on a one-, tWo-, or three-dirnen 
sional periodic refractive index. (Recall that such periodicity 
is not required.) In such structures the propagation of 
electromagnetic Waves is governed by multiple interference 
effects leading to Wavelength-energy dispersion relation 
ships sirnilar to those describing the motion of electrons in 
solids. Traditional electron-Wave concepts such as reciprocal 
space, Brillouin Zones, dispersion relations, Bloch Wave 
functions, and semiconductor bandgap have electrornagnetic 
counterparts in photonic lattices. Defect states (Which alloW 
propagation of very narroW bandWidths in particular direc 
tions) can be introduced into the photonic bandgap by 
adding or subtracting a small amount of material from the 
ideal structure. 

[0009] Perhaps the most signi?cant property Which can be 
exhibited by a photonic lattice is the photonic bandgap, a 
range of photon energies for Which no propagating photon 
rnodes exist. This effect is analogous to the semiconductor 
bandgap in solids, Which de?nes a range of energies in 
Which propagating electrons cannot exist. Not all photonic 
lattices exhibit such a bandgap. Prediction of the properties 
of a photonic lattice can be carried out using techniques 
knoWn in the art Which are again analogous to those used to 
calculate electronic band structures in solids. Qualitatively, 
hoWever, a Wide photonic bandgap is encouraged by a 
number of factors, including: 

[0010] 1. Large ratio betWeen largest and smallest 
refractive index in the photonic lattice. 
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[0011] 2. The existence of continuous sublattices of 
loW and high refractive index throughout the photo 
nic lattice. 

[0012] 3. The volume fraction of the high refractive 
index sublattice should be less than that of the loW 
refractive index sublattice. 

[0013] The above list has been simpli?ed by using lan 
guage Which implies the photonic lattice comprises discrete 
regions having distinct refractive indices. Such discreteness 
is not required, and any effect Which Will be discussed in this 
speci?cation can be found in a photonic lattice having 
continuously varying refractive index. Also note that 
Whereas the structures Which are easiest to analyZe are also 
in?nite in physical extent, real photonic lattices have limited 
spatial dimensions, and as such are technically distinct from 
theoretical photonic lattices of in?nite extent. We shall 
consider structures With limited physical extent Which can 
be embedded in a photonic lattice of in?nite extent also to 
be a photonic lattice. 

[0014] The physics Which governs photonic lattices and 
the formation of photonic bandgaps scales With changes in 
Wavelength in a manner Which alloWs (at least in principle) 
photonic lattices Which exhibit bandgaps to exist on any siZe 
scale. Indeed, the ?rst demonstration materials Were 
designed for microWave frequencies, and Were assembled 
from bulk epoxy and Styrofoam pieces. Later, silicon micro 
machining Was used to fabricate photonic lattices active in 
the millimeter Wavelength range. Until the present invention 
Was developed, hoWever, only crude demonstrations of tWo 
and three-dimensional photonic lattices had been made 
Which produced a bandgap in What We are calling the optical 
regime, Which comprises optical Wavelengths from roughly 
20;! doWn to perhaps 0.1”. (The long Wavelength end 
represents the ultimate capability of conventional microma 
chining approaches toWard fabrication, and the short Wave 
length end is de?ned by the lack of materials having 
sufficiently large electronic energy gaps for transparency.) 

[0015] In this optical regime, fabrication of photonic lat 
tices prior to the instant invention has been limited to three 
general types. First, the conventional “dielectric mirror”, 
Which is a stack of uniform thin ?lms With differing refrac 
tive indices. Second, the formation of one- and tWo-dimen 
sional photonic lattices through de?nition of features (usu 
ally cylinders or cylindrical holes) in a semiconductor 
substrate using photolithography for long optical Wave 
lengths (e-beam or x-ray lithography has been used for 
shorter Wavelengths), folloWed by etching to remove the 
high refractive index material in unWanted regions. In the 
?nal type of procedure, a very thin layer (1-3 periods) of 
three-dimensional photonic lattice has been formed in semi 
conductors by placing an etch masking layer on the surface, 
lithographically de?ning a 2-d periodic array of small holes 
in that layer, then applying an anisotropic etch along several 
(usually three) lattice axes to produce a three-dimensional 
structure commonly called Yablonovite. Properly designed, 
this structure exhibits a narroW stop gap. 

[0016] The procedures described above alloWed fabrica 
tion of photonic lattices having suf?cient quality to con?rm 
the basic theoretical ideas underlying their design and opera 
tion, but had a number of practical limitations. Overlying the 
problem of fabricating large-scale high performance photo 
nic lattices is the requirement that the variation in refractive 
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index accurately folloW the model structure—variations 
(especially cumulative variations) relative to the model 
structure can lead to poor and variable response. Consider 
the anisotropic etch fabrication of Yablonovite outlined 
above. Production of high-quality Yablonovite depends on 
being able to anisotropically etch aWay holes of constant 
cross-sectional shape and siZe precisely along the desired 
axes. 

[0017] In practice, hoWever, attempts to make this struc 
ture have yielded structures With mediocre performance. It 
is clear that the cross-sectional area of the etched holes 
cannot be constant unless the etch is in?nitely anisotropic, 
Which is not the case. The nature of the etched holes Will 
change substantially as soon as holes etched along different 
directions overlap. In fact, any misalignment, taper, or 
scatter of the holes leads to a progressive deterioration in the 
quality of the photonic lattice. A point is quickly reached 
Where additional layers cannot participate in the collective 
de?nition of the desired optical properties, and only serve to 
scatter the light. Such problems are encountered even in 
microWave structures fabricated by conventional machining 
of epoxies. 

[0018] When a photonic lattice is also a layered material 
composition, it is natural to try to simplify the fabrication 
process by groWing individual structured layers, rather than 
trying to fabricate the entire structure at once. HoWever, in 
practice the individual structured layers are severely 
impacted by variations in topography (e. g., lack of planarity) 
Which appears as the result of nearly any groWth technique 
or combination of techniques. These variations in topogra 
phy disrupt the basic structure de?ned for each structured 
layer, and also alter the optimum alignment betWeen struc 
tured layers from that predicted for a stack of the correct 
structured layers. These in?uences result in serious and 
cumulative structural errors When trying to fabricate photo 
nic lattices using conventional multi-layer microelectronic 
fabrication techniques. These effects are essentially 
unavoidable When using conventional microelectronic fab 
rication techniques. An improved fabrication technique is 
sorely needed. 

[0019] One can outline the requirements for a fabrication 
technique capable of making high performance photonic 
lattices (or other layered material compositions) of arbitrary 
dimensions. The dif?culties involved With forming holes 
With large aspect ratios precisely directed along crystal axes 
are fundamental, and save for certain special purposes, such 
techniques are to be avoided. This suggests that a layer-by 
layer process, in Which the desired structure is groWn and 
de?ned one structured layer at a time, should be developed. 
For such a fabrication process to be successful in making 
high-performance photonic lattices, hoWever, it must alloW 
precise de?nition and formation of features Within each 
layer, it must alloW precise control of layer thickness, it must 
insure layer planarity, and must alloW the features Within 
each layer to be precisely aligned relative to those on other 
layers in the desired structure. It is a given that any real 
fabrication technique Will introduce errors. An additional 
requirement is then that such errors be small, and that their 
effect should preferably be random rather than cumulative in 
nature. 

[0020] In the present invention, the thickness and planarity 
of each structured layer is controlled by a post-fabrication 
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chemical-mechanical polishing step. In addition, the relative 
positions of subsequent structured layers are controlled by 
aligning the mask Works either to a previous layer or to 
alignment marks on the substrate. (Global reference marks 
can be replicated as later structured layers are added so that 
alignment and position of structured layers can be traced to 
the came set of original reference marks.) As the remaining 
non-random structural errors do not accumulate fast enough 
to interfere With the proper function of the ultimate product, 
the present invention can be used to form layered material 
compositions of any dimensionality. 

[0021] An advantage of the present invention is that 
layer-by-layer fabrication of layered material compositions 
With precise thickness, planarity, and alignment control is 
enabled thereby. 

[0022] Another advantage of the present invention is that 
photonic lattices can be formed thereby having photon 
bandgaps Within the range of several tens of microns doWn 
to perhaps 0.1 microns, thereby covering the regions of the 
optical spectrum commonly called the far-IR, the near-IR, 
the visible, and the ultraviolet. 

[0023] An additional advantage of the present invention is 
that it alloWs fabrication of layered material compositions 
requiring structural features smaller than can be directly 
de?ned by the lithographic stepper mechanism. 

[0024] A further advantage of the present invention is that 
it can be adapted to the fabrication of layered material 
compositions comprising a Wide range of materials. Most 
metals, semiconductors, and insulators can be included in a 
layered material composition using the present invention. 

[0025] Yet another advantage is that the present invention 
can be used to create a layered material composition over a 
large area. The ultimate area is that of the substrate used in 
the fabrication process—Applicants have demonstrated sub 
stantially uniform groWth and optical properties in a pho 
tonic lattice groWn over a 6 inch Si Wafer. 

[0026] These and other advantages of the present inven 
tion Will become evident to one skilled in the art. 

SUMMARY OF THE INVENTION 

[0027] The present invention relates to a method for 
fabricating layered material compositions, said method com 
prising forming one or more structured layers eXhibiting 
spatially varying physical properties; planariZing each struc 
tured layer by chemical-mechanical polishing after forma 
tion of that layer; and insuring proper relative alignment and 
positioning amongst the various structured layers. 

[0028] Many structured layers can be formed by steps 
comprising depositing a layer of a ?rst material, patterning 
the layer of ?rst material to form an array of shaped 
openings therein, and depositing a second material to par 
tially or completely cover the ?rst material and to over?ll all 
or a majority of the shaped openings. A ?llet procedure 
and/or specialiZed etching techniques can often be adapted 
to fabricate structural features having feature siZe smaller 
than the resolution of the lithographic steppers. 

[0029] The combined deposition can then be planariZed 
With respect to the substrate surface by chemical-mechanical 
polishing to remove the combined deposit typically doWn to 
the level of the underlying ?rst material. One of the ?rst and 
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second materials is used to form the spaced elements, and 
the other of the materials forms a spacer material separating 
or surrounding the elements. The spacer material can option 
ally be removed by a subsequent selective etching process 
step (e.g., removing an SiO2 spacer material using an 
HF/Water etchant). 
[0030] Additional advantages and novel features of the 
invention Will become apparent to those skilled in the art 
upon examination of the folloWing detailed description 
thereof When considered in conjunction With the accompa 
nying draWings. The advantages of the invention can be 
realiZed and attained by means of the instrumentalities and 
combinations particularly pointed out in the appended 
claims and draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0031] FIG. 1 shoWs a schematic vieW of a three-dimen 
sional Lincoln-Log layered material composition. 

[0032] FIG. 2 shoWs various stages in the fabrication of a 
photonic lattice according to the present invention. 

[0033] FIG. 3 illustrates various possible structured layers 
and shapes of substructures therein. 

[0034] FIG. 4 illustrates hoW various substructures can be 
introduced into a structured layer by the use of different 
etching techniques. 
[0035] FIG. 5 shoWs the structure of a Lincoln-Log pho 
tonic lattice Whose individual structured layers are identical, 
but their relative position and orientation is different from 
that shoWn in FIG. 2. 

[0036] FIG. 6 shoWs an eXample of a layer-by-layer 
photonic lattice Which is not a Lincoln-Log structure. 

[0037] FIG. 7 shoWs an eXample of a layer-by-layer 
photonic lattice Which is not stable upon removal of the 
component With the larger volume fraction. 

[0038] FIG. 8 shoWs the principle of the ?llet procedure, 
and examples of the types of surface structure Which can be 
generated thereby. 
[0039] FIG. 9 shoWs various stages in the fabrication of a 
photonic lattice according to the present invention including 
a ?llet procedure. 

[0040] FIG. 10 shoWs a one-dimensional photonic lattice 
Whose periodic symmetry aXis is parallel to the surface of 
the substrate on Which it is groWn. 

DETAILED DESCRIPTION 

[0041] Again, although the fabrication of photonic lattices 
Will be emphasiZed in the description beloW, this is being 
done for convenience. Aphotonic lattice is simply a speci?c 
eXample of a layered material composition. There is no 
intent to limit the scope of the present invention thereby, said 
limit to be de?ned by the appended claims in light of the 
disclosure and ?gures. 

[0042] Aparticularly simple eXample of a photonic lattice 
is that shoWn in FIG. 1. This type of structure is often called 
a Lincoln-Log structure—the reason being that such a 
structure 10 looks like a carefully stacked pile of logs 11 and 
12. More properly, the structure 10 decomposes into a stack 
of structured layers 13, 14, 15, and 16. The “logs”11 and 12 
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consist essentially of a ?rst optical material, have a roughly 
rectangular cross-section, and are substantially parallel 
Within a given structured layer. As shoWn here, the logs can 
have different shapes and siZes depending on Where in the 
structure they appear. The material 17 betWeen and sur 
rounding the logs consists essentially of a second optical 
material, again typically in intimate optical contact With the 
?rst optical material. 

[0043] Applicants have used the method of the present 
invention to make Lincoln-Log photonic lattices from sili 
con-based materials Which exhibit bandgaps in the ?rst case 
from roughly 10-145” and in the second case from 1.35 
195”. Here the “logs” Were essentially made of polysilicon, 
and the second material is air. These Were the ?rst layer 
by-layer photonic lattices to exhibit three-dimensional pho 
tonic stopgaps in the optical spectrum. 

[0044] The basic layer-by-layer method for fabricating the 
above example according to the present invention is illus 
trated in FIGS. 2a-2e, Which shoW a series of schematic 
vieWs of various stages in the process. The exact materials 
and detailed process steps described here do not limit the 
present invention, but re?ect a speci?c embodiment of this 
neW fabrication method. In this initial demonstration Appli 
cants produced a photonic lattice With a photonic stopgap in 
the 10-15” region. Some conventional photolithographic 
steps Which are applied for a purpose Well knoWn in the art 
are described but not illustrated speci?cally. 

[0045] In FIG. 2a, a layer 201 composed essentially of a 
?rst material, e.g., silica, is deposited onto a silicon substrate 
200. The thickness of layer 201 is greater than the desired 
thickness of the ?rst structured layer of the photonic lattice, 
Whose thickness is typically in the range 0.02p-10p. In 
Applicants ?rst example, the structured layer thickness is 
1.6”, and the initial thickness of layer 201 is approximately 
2.0”. 
[0046] FIG. 2b shoWs the fabrication of a photonic lattice 
at a point Where layer 201 has been patterned to form a 
plurality of evenly spaced and parallel spacer bars 202 With 
approximately rectangular cross-section. Such patterning 
can be accomplished using a photolithographic etch mask 
(not shoWn) over layer 201 With a plurality of openings in 
the etch mask at the locations Where the material in layer 201 
betWeen the spacer bars 202 is to be removed. An anisotro 
pic etching process is then used (e.g., reactive ion etching 
directed normal to the surface), resulting in bars having 
approximately rectangular cross-section. The etching step is 
preferably performed to etch completely doWn through layer 
201. After the etch mask is stripped, the structure of FIG. 2b 
is found. In Applicants ?rst example, the pitch betWeen 
adjacent spacer bars was 4.2”, and the Width of the spacer 
bars was 3.0”. 

[0047] In FIG. 2c, a second material 203 (in this case 
polysilicon) is deposited to ?ll in the regions betWeen spacer 
bars 202. The layer thickness is greater than 1.6”, the desired 
thickness of the ?nal structured layer. Depositing the second 
material generally leads to a complex and non-planar sur 
face. This is due to a combination of tWo effects. First, 
polysilicon depositions tend to have large surface roughness. 
Second, When a surface With deeply etched features is 
covered over by another deposited material, the resulting 
surface has complex topography, With loW spots Where the 
etched features have been covered. 

Jun. 5, 2003 

[0048] It is essentially impossible to groW high-quality 
multi-layered material compositions using a layer-by-layer 
process When the groWth surface has this level of roughness 
and unevenness. Even in a single layer structure intended for 
electronic or photonic applications, the scattering and 
uncontrolled re?ections of the carriers from the groWth 
surface Will result in poor and someWhat unpredictable 
performance relative to the design criteria. To solve this 
problem, and alloW general layered material compositions to 
be groWn, Applicants have developed a process to planariZe 
the surface or the structure, and also to reduce its thickness 
to the proper design value. Chemical-mechanical polishing 
(CMP) of the groWth surface is carried out betWeen depo 
sition of subsequent layers, thereby eliminating the problem. 
Some of this material Was previously disclosed in US. 
patent application No. 09/067,614, by inventors including 
the present inventors, ?led on Apr. 28, 1998, Which is hereby 
included by reference. 

[0049] Chemical-mechanical polishing is carried out With 
a CMP apparatus (not shoWn) Which includes a moveable or 
rotatable polishing platen upon Which upon Which a polish 
ing pad is mounted. AWafer carrier is used to hold substrate 
200 With the deposited layers typically facing doWnWard. 
The deposited layers are then brought into contact With the 
polishing pad using applied pressure. The deposited layers 
are sloWly polished aWay by contact With the polishing pad, 
Which has an abrasive and chemically-reactive slurry 
thereon. Chemical-mechanical polishing can be used for 
planariZation of nearly any material Which might be used to 
form a photonic lattice. Variation of process parameters to 
control the polishing rate and surface ?nish are Well-knoWn 
in the art. 

[0050] Chemical-mechanical polishing to ?atten the sur 
face of the groWing structure produces a ?rst structured layer 
204 of the desired photonic lattice structure, as shoWn in 
FIG. 2d. The ?rst structured layer 204 comprises a planar 
pattern of silica spacer bars 202 and polysilicon rods 205. 
The polysilicon rods are elongate, and roughly rectangular 
in cross section, being 1.2” Wide and 1.6” thick. 

[0051] If an undesirable level of stress is present in the 
polysilicon components, an optional high-temperature 
annealing step can be performed (e.g., at a temperature of 
about 1100° C. for several hours). Such annealing can be 
carried out after the CMP planariZation step, and can be 
repeated after formation of each structured layer in the 
photonic lattice. This type of structural anneal tends to 
increase the stress present in silicon oxides. During process 
ing this effect can be offset by groWing oxide layers on the 
back of the substrate. In this material system, there is little 
problem in groWing stacks of layers Which total 20 microns 
in thickness. In some implementations, the oxide material 
Will eventually be removed from the ultimate product, 
thereby alloWing the ?nal layered material composition to 
relieve any residual stresses in a more benign fashion. 

[0052] Repeating the same basic set of groWth and pro 
cessing steps, multiple structured layers can be groWn on top 
of a substrate to form the desired photonic lattice. To form 
Applicants ?rst example, as shoWn in FIG. 26, the orienta 
tion of the polysilicon rods is rotated 90° betWeen each 
structured layer, and betWeen every other layer the rods are 
shifted relative to each other by half of the pitch d. This 
structure has a face-centered-tetragonal lattice symmetry. 
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[0053] To increase the bandgap Width, Applicants added 
an optional etching step. Once a completed stack of struc 
tured layers has been fabricated, the silica spacer bars are 
removed from the structure by etching With an HF/Water 
solution. The result Was a stack of polysilicon bars 1.2” Wide 
by 1.6” high in air, With a refractive index contrast of 3.6 and 
a ?lling fraction of about 0.28. 

[0054] The groWth, patterning, CMP planariZation, and 
precise stacking of structured layers is the basis for creating 
photonic lattices according to the present invention. The 
process steps must be carried out in a manner that insures 
producing a photonic lattice effectively having the desired 
large-scale structure. (I.e., With only minor degradation of 
optical properties from structural errors.) Conventional pho 
tolithographic processing techniques are capable of main 
taining excellent feature tolerances parallel to the groWth 
plane. The chemical-mechanical planariZation process is 
capable of maintaining excellent tolerances for thickness 
and parallelism of the individual structured layers. 

[0055] The remaining degrees of freedom in this “layer by 
layer” construction of a photonic lattice involve maintaining 
the proper relative rotational and translational relations 
betWeen adjoining structured layers. In the present invention 
this is accomplished by reference to alignment marks 210, 
shoWn in FIG. 2, Which can be etched into the substrate, into 
the ?rst structured layer, or replicated into higher levels 
When loWer alignment marks become degraded by process 
ing or depth of focus limitations. Alignment to such marks 
is a conventional lithographic technique, and alloWs struc 
tures to be positioned to 100 nm or less. Small random 
misalignments betWeen layers Will still occur, but they Will 
not accumulate as the number of layers increases. This is a 
vast improvement over such “self-aligning” fabrication 
techniques as Yablonovitch’s hole-drilling method, in Which 
angled holes are drilled into a substrate from a triangular 
lattice of surface sites. Any initial misalignment, taper, or 
scatter of the drilled holes leads to a cumulative error Where 
critical dimensions degrade to the point that additional 
layers serve only to scatter light. 

[0056] A Wide variety of optical materials can be used to 
fabricate a photonic lattice according to the present inven 
tion. The ?rst material and the second material can be 
selected from such materials as polycrystalline silicon (also 
termed polysilicon), amorphous silicon, silicon nitride, sili 
con dioxide, and silicate glasses compatible With microelec 
tronics fabrication techniques. Additionally, the III-V semi 
conductors, the II-VI semiconductors, the II-IV 
semiconductors, and a Wide variety of transparent oxides (in 
particular the tantalum oxides), sol-gel glasses, and other 
optically transparent materials Which can be deposited in a 
thin (less than 20 micron) layer essentially free of optical 
defects, and Which have loW absorption in the operational 
Wavelength regime, can be fabricated into a photonic lattice 
using the present invention. 

[0057] When general optical materials are used as the 
basis for a photonic lattice, some of the assumptions Which 
Were made in the simple example of FIG. 2 may not hold. 
Chief among these is the ability to use differential etching 
rates betWeen the ?rst and second materials to help de?ne 
the structure. In general, the use of stop etch layers and other 
related techniques Well knoWn in photolithography Will 
often result in a less critical process, and a better product. 
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[0058] The properties of precursor materials to some of 
the optical materials Well suited to these applications enables 
another set of implementations of the present invention. 
Assume for a moment that a layered material composition 
has been constructed as outlined above, or using the related 
techniques described in the remainder of this speci?cation. 
It is a structured three-dimensional solid consisting of tWo 
continuous and interconnecting sublattices, one made of 
polysilicon, and the other of silicon oxide. (These assump 
tions are not requirements, but are convenient for this 
illustration.) Remove the silicon oxide by etching, leaving 
behind a sponge-like structure of polysilicon having open 
pores. We can then alter this layered material composition by 
depositing in the empty spaces a different optical material. 
Even in the small spaces characteristic of a photonic lattice, 
this can be accomplished by chemical vapor deposition, by 
spin-on glass deposition, or by other techniques Which are 
capable of ?lling ?ne pores. The result is a neW layered 
material composition Whose dimensions and structure have 
been determined by the silicon-silicon oxide process, but 
one of Whose materials is not compatible With those Well 
knoWn fabrication steps. 

[0059] One can take such an altered layered material 
composition, and further alter it by removing the polysilicon 
sublattice by etching. The ?nal structure noW has structure 
and dimensions de?ned by conventional silicon processing 
technology, and is composed essentially solely of, e.g., the 
spin-on glass. It is therefore possible, using Applicants 
invention, to produce layered material compositions varying 
Widely in material composition, but having dimensions and 
structure precisely de?ned using the Well-knoWn silicon 
lithographic fabrication processes. (Of course, other fabri 
cation processes can be used, and the materials Which they 
manipulate can be replaced by others in an analogous 
manner.) 
[0060] It is important to note that most of the structural 
parameters chosen for the Lincoln-Log structure of FIG. 2 
are in no Way fundamental. A convenient paradigm for 
design and fabrication of such structures is to require that 
each structured layer consist essentially of a tiling compris 
ing tiles, each such tile being substantially identical to some 
reference tile chosen from a ?nite group of reference tiles. 
Each reference tile has a ?xed siZe, shape, and has constant 
physical properties. In a sense, then, a structured layer in this 
paradigm consists essentially of tiles Which ?t together like 
a jigsaW puZZle (although possibly in three-dimensions 
rather than only tWo), each tile having a single color 
(constant physical properties). It can be useful to include 
reference tiles having in?nite extent. Imagine a structured 
layer consisting of an aperiodic pattern of round dots, Where 
the space betWeen the dots is ?lled by a single material. Such 
a structured layer could be described in terms of the dots, the 
pattern of the dots, and tiles chosen from an in?nite collec 
tion of siZes and shapes, all made of the single material, 
Which do not fall into any simple pattern, but ?ll in the 
spaces betWeen the dots. It is more ef?cient, hoWever, to 
describe this structured layer in terms of the dots and a 
single, in?nite tile having holes for the dots to ?t in. 

[0061] There are very feW constraints on the structure of 
a layered material composition. As shoWn in FIG. 3a, a 
structured layer 300 can comprise elements of any number 
of optical materials 301, 302, 303, 304, etc. (Vacuum is 
being counted as a material, as are gases.) The features 
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Which make up a structured layer need not be rectangular 
bars arranged parallel to each other, but can take on nearly 
any shape, size, and orientation. FIG. 3b shoWs a structured 
layer 310 comprising spaced elements 311, 312, etc., Where 
the shape, siZe, and spacing vary throughout the structured 
layer. 
[0062] The shape of the elements making up the structured 
layers can also be controlled during fabrication. In Appli 
cants example above, the features Were de?ned using an 
anisotropic etching technique (reactive ion etching) that Was 
used to obtain nearly vertical Walls. This is illustrated in 
FIG. 4a, Where a layer 401 has been deposited on a substrate 
400, Which is being subjected to a reactive ion etch beam 
402. Most of the surface of layer 401 is protected from etch 
beam 402 by masking means 403, but a small area is open 
to the effects of the etch beam. 

[0063] Reactive ion etching is a directional and highly 
anisotropic technique (by directional We mean that the 
characteristic direction of the anisotropy in etching rate does 
not derive primarily from the properties and orientation of 
the material being etched, but rather by some characteristic 
of the etching apparatus, in this case the orientation of the 
ion beam). Accordingly, the structures 404 resulting from 
this scenario have nearly rectangular cross-section. If the 
reactive ion beam 402 is directed at an angle to the substrate, 
hoWever, (FIG. 4b) the cross-section of the resulting struc 
tures 405 become roughly rhomboidal (corners and other 
sharp features become rounded). If one imagines the beam 
being directed at an angle from either side of the long axis 
of the features (FIG. 40), then the cross-section of the etched 
structures 406 become roughly trapeZoidal. (Such shapes 
can force complementary materials to have triangular cross 
sections.) Finally, if the direction of the etching beam is 
varied along the length of the mask, the cross-section of the 
etched structures Will also vary along the length of the 
structures. 

[0064] Other etching techniques can be used to de?ne the 
structure of the etched structures. For example, using an 
isotropic etch (not illustrated) can produce elements 407 
(FIG. 4d) roughly betWeen semicircular and circular in 
cross-section. Other possibilities, including the use of etch 
ing techniques to give a Wide range of shapes to local 
structural features are generally knoWn in photolithography, 
but have not previously been used to fabricate photonic 
crystals. 
[0065] Alignment and positioning of structured layers 
relative to each other need not folloW the simple and 
constant formula of Applicants example above For example, 
in FIG. 5 We shoW a neW photonic lattice structure 50 
comprising structured layers 501, 502, and 503, comprising 
rods 504. HoWever, instead of the 90 degree rotations and 
half a step sideWays every other layer of Applicants 
example, here We rotate each successive structured layer by 
60 degrees, and align the layers so that the projection of their 
intersection points onto the substrate forms a triangular 
lattice, thus giving a 3-layer vertical periodicity. For appro 
priate feature dimensions and refractive indices, this struc 
ture is also a photonic lattice exhibiting a bandgap. More 
structural degrees of freedom are associated With the struc 
tured layers. For example, the thicknesses of the structured 
layers need not be constant throughout the stack. The siZe, 
spacing, and separation of elements making up the struc 
tured layers can also vary betWeen layers. 
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[0066] The restriction to Lincoln-Log structures is also not 
required by the present invention. As long as individual 
layers can be made With conventional photolithographic 
techniques, or other approaches knoWn in the art, and the 
photonic lattice consists essentially of a stack of layers, then 
the present invention can be used for fabrication. An 
example is shoWn in FIG. 6. Here the ?rst layer includes a 
continuous hexagonal distribution of a ?rst material, the 
voids of the array being ?lled With a second material. The 
thickness of the layer is 0.25 times the length of one of the 
rods. This does not ?t Within the de?nition of a Lincoln-Log 
structure. The second layer consists essentially of a trian 
gular array of circular dots made of the ?rst material, the 
dots embedded in the second material. These dots are about 
half the length of one of the rods in diameter, and are located 
atop the junctions of every second roW of junctions of the 
hexagonal pattern of the ?rst layer. The second layer is tWice 
the thickness of the ?rst. 

[0067] The third and fourth layers are identical to the ?rst 
tWo layers, save that they have been translated along the 30° 
diagonal. (This positions the vertices of the third layer over 
the centers of the hexagons of the ?rst layer.) The same 
translation is made betWeen the fourth and ?fth layers, the 
result of Which is to position the rods of the seventh layer 
directly over those of the ?rst layer. This de?nes a 4-layer 
periodic structure Which is not a Lincoln-Log structure, With 
local features and inequivalent layer structures Which pro 
duces a photonic lattice With a bandgap. 

[0068] All of the photonic lattices described above retain 
their structure if the second material is etched aWay after 
fabrication is complete. This is also not a required property 
for a layered material composition unless the additional 
contrast in refractive index that results When replacing the 
second material With air is necessary for the immediate 
application. OtherWise the second material can remain in 
place. An example in Which the second material cannot be 
removed Without causing structural collapse is shoWn in 
FIG. 7, and consists of a simple rectilinear lattice Where the 
high-index elements 700 take the form of cubes of the ?rst 
material positioned at the vertices of the lattice. The cubes 
do not touch each other. This structure does violate the 
guideline that large photonic bandgaps are associated With 
continuous loW-index and high-index con?gurations. HoW 
ever, such a structure can shoW useful optical behavior, and 
further recall that the present invention is applied to fabri 
cation of layered material compositions, and is not limited to 
photonic bandgap materials. Clearly, the structure of FIG. 7 
depends on the presence of the second material 701 for its 
structure, much as grapes in gelatin Will not ?oat in midair 
if the gelatin is removed. 

[0069] Finally, an emphasis has been made on the fabri 
cation of fully three-dimensional photonic lattices above. 
The present invention also lends itself to making one- and 
tWo-dimensional photonic lattices, both of conventional 
design and of a neW bulk form. The conventional one 
dimensional photonic lattice is simply a stack of layers, each 
layer having a uniform composition. The axis of the lattice 
is then normal to the surface of the substrate on Which the 
layers is groWn. An interesting type of one-dimensional 
photonic lattice for Which there is no other practical fabri 
cation method is one Where the axis of the photonic lattice 
is parallel to the surface of the substrate. This can be 
accomplished by groWing many copies of the ?rst structural 
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layer 204 in FIG. 2, With each copy having the same 
position and orientation as the ?rst. The resulting structure, 
shoWn in FIG. 10, is a horizontal pile of layers 1000, Whose 
symmetry axis is 1002 is parallel to the groWth surface of the 
substrate 1001. Here the result is a one-dimensional dielec 
tric mirror Which could in no other manner be so perfectly 
integrated into, e.g., an integrated optic circuit on a chip. 
Such non-vertically directed structures have great potential 
for use in integrated optics and optoelectronic devices. 

[0070] The conventional tWo-dimensional photonic lattice 
is implemented Within a single structural layer, the tWo 
dimensional structure Within that layer giving the desired 
optical properties. By using the present invention to form 
and combine numerous layers having that same internal 
structure, one can obtain a very thick “tWo-dimensional” 
photonic lattice. Such have many possible applications in 
cavity and resonator applications, particularly When com 
bined With properly designed lattice defects. 

[0071] It has been shoWn above that the present invention 
adapts Well to the fabrication of an enormous range of 
photonic lattices. Nearly any structure Which can be 
smoothly decomposed into a series of layers having essen 
tially ?at and parallel surfaces can be so fabricated. The 
present invention also lends itself in a natural Way toWard 
fabrication of a Wide range of quasiperiodic and aperiodic 
photonic lattices (and more generally, layered material com 
positions). Despite their lack of true periodicity, such struc 
tures often exhibit many of the same effects as do periodic 
photonic lattices. 

[0072] The feature siZe for any photonic lattice is typically 
much smaller than the vacuum Wavelength at Which the 
periodicity of a photonic lattice can alter optical propaga 
tion. For example, in Applicant’s ?rst example, the rod 
cross-section Was l.2p><l.6p for a bandgap Wavelength of 
about 12.5” in vacuum. Accordingly, the practical restriction 
on the operating regime for a photonic lattice is often not 
controlled by material properties, but rather by the limited 
ability of current photolithographic equipment to properly 
de?ne the features. 

[0073] A concrete example of this problem Was encoun 
tered in fabricating Applicant’s second example, Which had 
a bandgap center Wavelength of some 1.7”. This folloWed 
the simple Lincoln-Log structure of FIG. 26, With the rod 
cross-section targeted at 0.18px022p, and the pitch of the 
rods at 0.65”. The dif?culty Was that the available litho 
graphic fabrication equipment Was incapable of de?ning 
features less than about 0.5” in siZe. Applicants invented a 
neW fabrication procedure, still incorporating chemical 
mechanical polishing, but also using ?llet processing to 
de?ne the smallest features. 

[0074] Fillet processing alloWs the de?nition of structural 
features Which do not lie in the plane of the structured layer 
Whose dimensions in that plane are very small. A ?llet 
procedure (i.e., a process leading to the formation of a ?llet) 
as shoWn in FIGS. 861-86 comprises at its essence the 
folloWing steps. First (FIG. 8a), a ?llet de?nition structure 
801 is de?ned on a substrate 800 using conventional micro 
electronic lithographic methods. The ?llet de?nition struc 
ture is then overcoated With a proto?llet layer 802. Note that 
the proto?llet layer on the side Walls de?nes a structural 
element Which is very small normal to the step Wall and to 
the substrate surface. If attempts are made to adapt conven 
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tional lithographic processing to the de?nition of such small 
horiZontal structures, a fundamental limitation appears asso 
ciated With the resolution of the alignment stepper motors. 
Fillet procedures avoid this limitation for those geometries 
compatible With ?let processing. 

[0075] The continued formation of isolated ?llet structures 
is shoWn in FIGS. 8b and 8c. FIG. 8b shoWs an etching step 
Which, although not required simply to de?ne ?llet struc 
tures, is required to alloW them to stand alone, a feature 
useful for some applications. In this step an anisotropic 
etching in?uence (e.g., a reactive ion etching beam) 
impinges normally on the substrate from some source (not 
shoWn). This etching in?uence substantially removes the 
proto?llet layer from the surface of the substrate 800, and 
from the top of ?llet de?nition structure 801, leaving a thin 
vertical ?llet 803 along each side Wall of the ?llet de?nition 
structure. Given that the height of the ?llet de?nition struc 
ture 801 is at least several times the thickness of the 
proto?llet layer 802, the resulting ?llet 803 has substantially 
constant thickness. If the part of the proto?llet layer 802 
Which is deposited on the substrate surface can be tolerated 
(or is useful) Within the desired layered material composi 
tion, then the portion on top of the ?llet de?nition structure 
can be removed using chemical-mechanical polishing. In 
some instances, it may be appropriate to use the proto?llet 
layer itself Without further de?nition. The key feature is the 
fabrication of a very thin horiZontal structure, and further 
re?nement may not be required for a given application. 

[0076] One approach to further re?nement is to remove 
the remnants of the ?llet de?nition structure 801 by prefer 
ential etching, resulting in the structure shoWn in FIG. 8c. 
The resulting isolated ?llets 803 can be incorporated in a 
structured layer by overcoating and planariZation as using 
process steps similar to those illustrated previously in FIG. 
2. Note that the sides of the ?llet de?nition structure 801 
need not be vertical (FIG. 8d). Fillets can also be de?ned on 
the edges of rather complex ?llet de?nition structures. For 
example, the plane-?lling holloW hexagonal pattern of struc 
tural layers 1 and 3 in FIG. 6 could easily be covered With 
a proto?llet layer. Anisotropic etching Would then leave very 
thin ?llet layers on the side Walls of the hexagonal pattern, 
and those ?llet layers could, if desired, be isolated by 
removing the hexagonal structure by etching, thereby leav 
ing a pattern of very thin Walled hexagons in air. The 
additional design freedom offered by such structures is 
enormous, and makes possible the practical implementation 
of large numbers of previously purely theoretical layered 
material compositions. 

[0077] The last example shoWed that ?llet processing need 
not be applied to fabricating long-straight ?llets. One can go 
further in this direction as shoWn in FIGS. 86 and 8f. Here 
We shoW that local features of various types can be fabri 
cated using ?llet processing. In FIGS. 86 and 8f, a proto?llet 
?lm 805 is groWn over a ?llet de?nition structure 806, said 
structure here taking the form of a cylinder protruding from 
the surface of the substrate 800. In FIG. 86 an anisotropic 
etching in?uence is directed normal to the substrate surface, 
so that the resulting ?llet has roughly the shape of a holloW 
cylinder Whose inside diameter is the outer diameter of 
cylinder 806, Whose outside diameter is the inside diameter 
plus tWice the thickness of the proto?llet ?lm 805, and 
Whose height is slightly less than that of the cylinder 806. If 
the cylinder 806 is then removed, by etching or other 
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process, the hollow cylinder 805 remains. In FIG. 8f, the 
protrusion 806 can shield only a small portion of the thin 
?lm, so that all of the proto?llet layer is removed, save for 
that Within a very thin and narroW vertical feature 807. As 
thin ?lm thickness can be tightly controlled during fabrica 
tion, the above processing steps can lead to controlled 
feature Widths of a feW hundred Angstroms With ease, 
making possible fabrication of photonic lattices With band 
gaps far into the ultraviolet. 

[0078] Applicants applied these ideas of ?llet processing 
to the problem of fabricating a three-dimensional photonic 
lattice having a complete bandgap in the near-IR. Such a 
structure had not previously been demonstrated, and is of 
considerable interest for applications in ?ber optic commu 
nications. FIG. 9 shoWs the process used to make the 
near-IR photonic lattice. In FIG. 9a, a polysilicon layer 902 
is deposited on top of a thin layer 901 (typically ~100 nm) 
of silicon nitride coating a silicon substrate 900. The poly 
silicon thickness is 0.22p, the desired ?nished height of the 
?rst layer of the photonic lattice. A second layer 903 
(typically ~50 nm) of silicon nitride is then deposited atop 
the polysilicon, and a sacri?cial layer 904 of 500 nm of SiO2 
is deposited and densi?ed by heat treatment. Next the 
sacri?cial layer is patterned as shoWn in FIG. 9b. The goal 
is ultimately to create 0.18” Wide ?llets With a pitch of 0.65” 
along the edges of the remaining SiO2 roWs. To accomplish 
this and achieve even spacing betWeen the ?llets, the SiO2 
steps 905 are 0.47” in Width, and are separated by 0.83”. In 
practice, this Was accomplished by creating a uniform pat 
tern of SiO2 roWs 0.65” Wide With 0.65” spacing, alloWing 
about 50 nm of SiO2 to remain betWeen the roWs. Then a Wet 
etch (30 seconds in room temperature 6:1 ammonium ?uo 
ride/HF mixture isotropically removed ~90 nm of SiO2, 
thereby creating the desired process structure. 

[0079] The 180 nm layer of polysilicon 906 Which Will 
become the ?llets is then isotropically deposited as shoWn in 
FIG. 9c. Isotropic deposition insures that the ?llet Width is 
equal to the polysilicon layer thickness. The polysilicon is 
then anisotropically etched using a high density plasma 
process to remove the polysilicon on the horiZontal surfaces, 
While substantially alloWing the ?llets 907 on the vertical 
Walls of the SiO2 roWs to remain (FIG. 9a) This step could 
alternately be carried out using an additional chemical 
mechanical polishing step. At this point the sacri?cial layer 
of SiO2 is stripped using a Wet etch (FIG. 96). 

[0080] The ?llet structures 907 noW standing isolated on 
the surface have uniform Width, but someWhat inconsistent 
height oWing to the extensive processing they have under 
gone. Although one could attempt to use these “pre-?llets” 
as members of the photonic lattice, Applicants chose to use 
them as a mask to anisotropically etch the underlying layers, 
and thereby produce polysilicon ?llets of substantially uni 
form height and thickness. The ?rst step is to Wet etch the 
upper SiN layer 903, thereby reproducing the ?llet structure 
on the polysilicon layer 902 (FIG. 9]‘). Then the remaining 
pre-?llet material forms a mask for etching the ?llet pattern 
907 into the polysilicon layer (FIG. 9g). Note that as this 
etching step proceeds, the height of the “pre-?llets” becomes 
smaller While alloWing material to remain above the poly 
silicon layer. A layer of SiO2 is then deposited, said layer 
having suf?cient thickness to ?ll in the gaps betWeen neigh 
boring ?llets. 
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[0081] At this point, the structure is subjected to chemical 
mechanical polishing, planariZing the structure back to the 
remnants of the upper SiN layer (FIG. 9h). The CMP 
processing is critical since it prevents topological nonpla 
narities generated in a given level from propagating and 
magnifying in subsequent layers. As discussed earlier, this 
step is essential to the fabrication of photonic lattices having 
many levels. 

[0082] The above has described hoW the ?rst structured 
layer 90 of the photonic lattice Was made. The entire process 
is repeated, With changes in orientation as required, to form 
the subsequent layers of the structure. As before, it is 
preferable for subsequent layers to be aligned With respect to 
references traceable to the ?rst layer. This avoids accumu 
lation of alignment and positioning errors, and alloWs very 
complex periodic structures to be fabricated. When the 
desired number of layers are groWn, the SiO2 betWeen the 
polysilicon lines can be removed, if desired for the given 
application, by etching in, e.g., a concentrated HF/Water 
solution. This technique Was used to make Applicants sec 
ond example. 

[0083] Although the “?llet” process described above Was 
implemented in a particular material system, it can be used 
to form a photonic lattice of any material for Which suitable 
sacri?cial and stop etch materials exist. This includes most 
of the materials compatible With chemical-mechanical pol 
ishing, so the ?llet process can be regularly used in the 
fabrication of photonic lattices. The ?llet process can be 
applied to the fabrication of the same range of structures 
listed earlier as suited to fabrication processes comprising 
CMP. 

[0084] The speci?cation and draWings illustrated general 
concepts and process steps by Way of speci?c implementa 
tions of the present invention. The present invention is not 
intended to be limited by the discussion of speci?c imple 
mentations. Rather, the scope of the invention is intended to 
be limited only by the claims hereto appended. 

1. A process for fabricating a layered material composi 
tion, comprising steps for: 

a) forming, upon an upper surface of a substructure, a 
structured layer having a top surface and a substantially 
planar bottom surface; 

b) planariZing the top surface of said structured layer by 
chemical-mechanical polishing; and, 

c) repeating steps a and b to form the layered material 
composition, Wherein the planariZed top surface of a 
given layer forms the upper surface of the substructure 
upon Which the next structured layer is to be groWn.. 

2. The process of claim 1, Wherein all structured layers 
have the same structure and composition. 

3. The process of claim 1, Wherein at least tWo of the 
structured layers differ in structure. 

4. The process of claim 1, Wherein at least tWo of the 
structured layers differ in composition. 

5. The process of claim 1, Wherein the material of at least 
one structured layer has spatially varying physical proper 
ties. 

6. The process of claim 5, Wherein said spatially varying 
physical properties vary substantially periodically in the 
plane of the bottom surface of said structured layer. 
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7. The process of claim 5, wherein said spatially varying 
physical properties vary substantially quasiperiodically in 
the plane of the bottom surface of said structured layer. 

8. The process of claim 5, Wherein said spatially varying 
physical properties are substantially invariant in the plane of 
the bottom surface of said structured layer. 

9. The process of claim 5, Wherein the layered material 
composition is a photonic lattice, and said spatially varying 
physical properties comprise refractive indeX. 

10. The process of claim 5, Wherein the top surface and 
the bottom surface of the structured layer are substantially 
parallel. 

11. The process of claim 10, Wherein the upper surface of 
the substructure is planariZed using chemical-mechanical 
polishing prior to forming said structured layer. 

12. The process of claim 10, Wherein said structured layer 
comprises a con?guration of tiles, Where each tile is sub 
stantially identical to some reference tile chosen from a 
group of reference tiles. 

13. The process of claim 12, Wherein said con?guration 
comprises a periodic pattern of said tiles. 

14. The process of claim 12, Wherein said con?guration 
comprises a periodic tiling consisting essentially of said 
tiles. 

15. The process of claim 12, Wherein said con?guration 
comprises a quasiperiodic tiling consisting essentially of 
said tiles. 

16. The process of claim 12, Wherein said structured layer 
consists essentially of said tiles. 

17. The process of claim 12, Wherein the step of forming 
said structured layer comprises the steps of: 

a) depositing a ?rst ?lm of a ?rst material upon said upper 
surface; 

b) de?ning a pattern upon said ?rst ?lm; 

c) patterning said ?rst ?lm according to said pattern; and, 

d) depositing, atop said patterned ?rst ?lm, a second ?lm 
of a second material. 

18. The process of claim 17, Wherein the patterning step 
comprises removing material from said ?rst ?lm to a depth 
equal to the thickness of said ?rst ?lm. 

19. The process of claim 17, Wherein the thickness of said 
?rst ?lm plus the thickness of said second ?lm, less the depth 
of material removed from said ?rst ?lm in the patterning 
step, is at least equal to the desired thickness of said 
structured layer. 

20. The process of claim 17, further comprising the step 
of removing said ?rst material from said structured layer. 

21. The process of claim 17, further comprising the step 
of removing said second material from said structured layer. 

22. The process of claim 17, further comprising the 
separate steps of removing said ?rst material from said 
structured layer, and of removing said second material from 
said structured layer. 

23. The process of claim 17, Wherein the step of pattern 
ing comprises use of an anisotropic etching technique. 

24. The process of claim 17, Wherein the step of pattern 
ing comprises use of an isotropic etching technique. 

25. The process of claim 17, Wherein the step of pattern 
ing comprises use of an etching technique Which preferen 
tially etches said ?rst ?lm relative to the upper surface and 
proximate regions of said substructure. 
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26. The process of claim 17, Wherein said pattern is 
substantially one dimensional. 

27. The process of claim 26, such that said patterned ?rst 
?lm has a shape Which is substantially invariant along 
directions parallel to a ?rst aXis Which lies in the plane of the 
top surface of said ?rst ?lm. 

28. The process of claim 17, Wherein said pattern is 
substantially tWo dimensional. 

29. The process of claim 28, such that said patterned ?rst 
?lm has a shape Which is substantially periodic in the plane 
of the top surface of said ?rst ?lm. 

30. The process of claim 17, Wherein said pattern is 
substantially quasiperiodic. 

31. The process of claim 5, Wherein the step of forming 
said structured layer comprises a ?llet procedure comprising 
the folloWing steps: 

a) patterning a ?llet de?nition structure comprising ?llet 
de?ning features; and, 

b) overcoating said ?llet de?nition structure With a proto 
?llet layer. 

32. The process of claim 31, Wherein said ?llet procedure 
further comprises ?lling in the spaces betWeen the over 
coated ?llet de?ning features With a ?ller material. 

33. The process of claim 31, Wherein said ?llet procedure 
further comprises reducing the thickness of the overcoated 
?llet de?nition structure. 

34. The process of claim 31, Wherein the step of reducing 
the thickness of the overcoated ?llet de?nition structure 
comprises the use of an anisotropic etching technique. 

35. The process of claim 31, Wherein the step of reducing 
the thickness of the overcoated ?llet de?nition structure 
comprises the use of chemical-mechanical polishing. 

36. The process of claim 31, Wherein the step of reducing 
the thickness of the overcoated ?llet de?nition structure also 
eXposes all parts of the ?llet de?nition structure to etching 
processes. 

37. The process of claim 31, Wherein said ?llet procedure 
further comprises the step of removing part or all of the ?llet 
de?nition structure. 

38. The process of claim 37, such that isolated ?llet 
structures are generated. 

39. The process of claim 38, Wherein said ?llet procedure 
further comprises extending said isolated ?llet structures 
into underlying layers via etching Wherein the isolated ?llet 
structures function as a ?llet etching mask. 

40. The process of claim 38, Wherein said ?llet procedure 
further comprises the steps of: 

a) ?lling in the spaces betWeen said isolated ?llet struc 
tures to a depth at least equal to that of the design height 
of said isolated ?llet structures; and, 

b) planariZing the top surface using chemical-mechanical 
polishing. 

41. The process of claim 1, further comprising aligning 
the structured layer With respect to the substructure so that 
the resulting structure is consistent With the design of the 
layered material composition. 

42. The process of claim 41, Wherein said substructure 
comprises alignment marks and the process of aligning the 
structured layer and the substructure uses said alignment 
marks as reference points. 
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43. The process of claim 42, Where said alignment marks 48. An apparatus comprising a layered material compo 
are traceable to an original set of alignment marks on the sition made using the method of claim 1. 

layered mammal Composmon' 49. An apparatus comprising a layered material compo 
44. A layered material composition made using the 

method of claim 1. 
45. A layered material composition made using the 

method of claim 17. 
46. A layered material composition made using the 51- An apparatus Comprising a layered material Compo 

method of Claim 31' sition made using the method of claim 40. 

sition made using the method of claim 17. 

50. An apparatus comprising a layered material compo 
sition made using the method of claim 31. 

47. A layered material composition made using the 
method of claim 40. * * * * * 


